Heat shock proteins (Hsps) participate in the cellular response to stress and they are hiperexpressed in inflammatory conditions. They are also known to play a major role in immune modulation, controlling, for instance, autoimmune responses. In this study, we showed that oral administration of a recombinant Lactococcus lactis strain that produces and releases LPS-free Hsp65 prevented the development of experimental autoimmune encephalomyelitis (EAE) in C57BL/6 mice. This was confirmed by the reduced inflammatory cell infiltrate and absence of injury signs in the spinal cord. The effect was associated with reduced IL-17 and increased IL-10 production in mesenteric lymph node and spleen cell cultures. Hsp65-producing-L. lactis-fed mice had a remarkable increase in the number of natural and inducible CD4þFoxp3þ regulatory T (Treg) cells and CD4þLAPþ (Latency-associated peptide) Tregs -which express the membrane-bound TGF-b -in spleen, inguinal and mesenteric lymph nodes as well as in spinal cord. Moreover, many Tregs co-expressed Foxp3 and LAP. In vivo depletion of LAPþ cells abrogated the effect of Hsp65-producing L. lactis in EAE prevention and worsened disease in medium-fed mice. Thus, Hsp65-L.lactis seems to boost this critical regulatory circuit involved in controlling EAE development in mice.
Hsp65-producing Lactococcus lactis prevents experimental autoimmune encephalomyelitis in mice by inducing CD4þLAPþ regulatory T cells Heat shock proteins (Hsps) constitute a functional class of protein found in all living organisms, from bacteria to human beings, and whose expression becomes increased when cells are under stress [1] . These proteins are highly homologous among different species probably because they exert basic housekeeping functions in the cell. They act as intracellular chaperones, contribute to the cellular recycling of proteins favoring protein cleavage by proteasomes [2, 3] , and participate in cell survival signaling pathways [4] . However, one of the most interesting functions of Hsps is related to their regulatory activities in the immune system [5] . The 60 kDa heat shock protein, for example, appears to affect immune inflammation by at least two different mechanisms: as a ligand for innate immune receptors, such as tolllike receptor (TLR)-2 [6] , and as an antigen recognized by adaptive immune receptors [7] . After binding to TLR-2, Hsp60 may lead to a decrease in TNF-a and IFN-g production and an increase of IL-10 release by T cells [8, 9] . As a protein recognized by clonal immune receptors, Hsps are considered as immunodominant antigens for self immune responses [10] . In this sense, self-Hsp-reactive T and B cell clones are described as part of a network of regulatory cells and molecules in the immune system engaged in homeostatic activities [11] . These activities would include tissue maintenance and repair, but also controlling clonal expansion and inflammation. Hsp60 has a strong effect in the survival and function of CD4þCD25þFoxp3þ regulatory T cells [6] and it was shown to efficiently drive the differentiation of CD4þCD25À T cell clones derived from juvenile idiopathic arthritis (JIA) patients into CD4þCD25 high regulatory T cells [12, 13] . Hsp70 has also been demonstrated to exert immuneregulatory functions in animal models of arthritis [12] . Thus, Hsps may serve as promising candidates for the induction of self-reactive regulatory T cells (Tregs) and as alternative tools in the treatment of chronic inflammatory conditions and autoimmune diseases. Multiple sclerosis (MS) is an autoimmune inflammatory neurodegenerative disorder characterized by nerve demyelination in the central nervous system. Symptoms depend on the site of the lesion but can include sensory loss, muscle weakness, speech difficulties, loss of coordination and dizziness. Treatments currently used in MS patients can only minimize the symptoms and retard disease development. Additionally, they are not efficient in severe forms of the disease and cause a myriad of side effects [14] . Therefore, therapies that aim to increase specific suppressor responses by the expansion of different types of regulatory T cells constitute the main focus of studies in this area [15] .
Several types of T cells endowed with regulatory activities have been described in the past ten years. The main subset of regulatory T cells (Tregs) involved in self tolerance is the thymus-derived CD4þCD25þFoxp3þ T cell population [16] . However, other types of peripherally induced Tregs exist including CD4þCD25þFoxp3þ T cells induced in the intestinal mucosa [17] , and CD4þ T cells characterized by their surface expression of the latency-associated peptide (LAP), which is the N-terminal propeptide of the TGFb precursor [18] . Tregs exert suppressive activity by several mechanisms, namely modulation of antigen presenting cell (APC) function, metabolic disruption of target cells, cytotoxicity, production of inhibitory cytokines such as IL-10, TGF-b and IL-35 [19, 20] and IL-2 deprivation [21, 22] . CD4þCD25þLAPþ and CD4þCD25ÀLAPþ Tregs promote their suppressive functions mainly in a TGF-bdependent fashion [18, 23, 24] .
Several studies have shown that one of the best ways to induce specific regulatory T cells and tolerance peripherally is by the oral administration of antigens. Tolerance induced by feeding proteins, named oral tolerance, is a well known phenomenon that probably accounts for the robust balance that keeps the homeostasis of the gut mucosa to the daily challenge of microbiota and dietary antigens [25e27]. This is especially interesting regarding Hsps because bacterial components of our microbiota do express Hsps and they are likely to be involved in immune-regulatory networks in the gut.
Since Hsps are highly homologous among species and their expression is enhanced by inflammatory stress, these proteins are good antigen candidates for the therapeutic use of oral tolerance in autoimmune and other inflammatory diseases. Indeed, oral administration of Hsp65, a microbial 65 kDa Hsp (homolog to mammalian Hsp60) can induce tolerance and provide protection against adjuvant arthritis in rats [28] and atherosclerosis in mice [29, 30] . However, the mechanisms behind such effect remain elusive. Moreover, the proteolytic self-degradation of Hsp65 [31] leads to instability in its process of isolation, purification and storage. This usually hampers its usage as an immune-modulatory agent. To circumvent these caveats, we have developed a new strategy to deliver an endotoxin-free form of Mycobacterium leprae Hsp65 directly to the gut, without problems concerning separation and purification steps [32] . Such strategy involved the construction of a recombinant Lactococcus lactis strain, which is able to produce and secrete the endotoxin-free M. leprae Hsp65 to the extracellular medium, using a xylose-induced expression system (XIES). L. lactis, a lactic acid bacteria, is as an attractive and safe alternative, not only due to their "GRAS" (Generally Regarded As Safe) status granted by the U.S. Food and Drug Administration, but also because they are non-invasive, non-pathogenic, endotoxin free (gram-positive) and do not form inclusion bodies [33] . Moreover, L. lactis has been widely used for large-scale production of heterologous proteins for the last two decades [34] .
Therefore, in the present study, we investigated the immunological effects of oral administration of M. leprae-Hsp65-producing L. lactis in the myelin oligodendrocyte glycoprotein (MOG 35e55 )-induced experimental autoimmune encephalomyelitis (EAE), a well characterized rodent model for multiple sclerosis (MS). We found that oral administration of M. leprae-Hsp65-producing L. lactis, but not the control (CT) L. lactis strain, prevented the development of MOG 35e55 -induced EAE in C57BL/6 mice. Moreover, EAE inhibition was associated with an anti-inflammatory cytokine milieu in lymph nodes and spleen, and an expansion of regulatory T cells in the peripheral lymphoid organs as well as within the spinal cord. In vivo depletion of LAPþ Tregs using an anti-mouse LAP mAb not only abolished the immune-modulatory effects of M. leprae-Hsp65-producing L. Lactis, but also worsened the EAE development in untreated diseased mice. Thus, M. lepraeHsp65-producing L. lactis may constitute an important candidate for the treatment of multiple sclerosis.
Materials and methods

Construction of Hsp65-producing L. lactis
As described elsewhere [35] , a recombinant L. lactis strain NCDO2118 able to secrete M. leprae Hsp65, using a xylose-inducible expression system (XIES), was constructed. The constructed vector (pSEC:hsp65) directed the expression of Hsp65 to the extracellular medium. L. lactis NCDO2118 harboring an empty vector (pXylT:SEC without hsp65) was used, as negative control, in all experiments.
Bacterial strains and growth conditions
The L. lactis NCDO2118 strains were grown in Difco M17 broth, supplemented with 0.5% glucose (GM17) or 1% xylose (XM17), at 30 C, without agitation. When required, chloramphenicol (10 mg/ ml) was added to the media.
Conditions of xylose induction
On the first day, a single colony of recombinant L. lactis harboring an empty vector (harboring pXylT:SEC) or recombinant L. lactis NCDO2118 harboring pXylT:SEC:hsp65 was grown at 30 C, without agitation, in 5 ml of GM17, containing chloramphenicol (Cm) (10 mg/ml). On the second day, the overnight culture was diluted 1:10,000 in 1% xylose fresh M17 (XM17), supplemented with Cm (10 mg/ml) to induce expression of the M. leprae hsp65 gene. On the third day, when a 2.0 optical density at 600 nm (OD600 nm) was reached, corresponding to 2.5 Â 10 8 CFU/ml, protein extraction, Western blotting and the mice treatment were performed.
Protein extractions
Protein sample preparation from L. lactis cultures was performed as previously described [36] , with some modifications. Samples were prepared from 2 ml of both induced and noninduced cultures. Next, they were centrifuged for 10 min at 4 C, at 12,000 g. Later, supernatants and pellets were treated separately.
Supernatants were run through a 0.2 mm pore-size filter and then 100 ml of 100% trichloroacetic acid (TCA) were added for protein precipitation. Dithiothreitol (DTT) at 10 mM and phenylmethylsulphonyl fluoride (PMSF) at 1 mM were also added to the filtrate, which was then incubated for 1 h on ice and centrifuged (20 min, 12,000 g, 4 C). Pellets were resuspended in 50 mM NaOH.
The original cellular pellet was resuspended in 100 ml of TES-Lys buffer (25% sucrose, 1 mM EDTA, 50 mM TriseHCl [pH 8.0] lysozyme [10 mg/ml]), PMSF 1 mM and DTT 10 mM. After that, it was incubated at 37 C for 30 min and then, 50 ml of 20% SDS was added.
Protein quantification and Western blot analysis
The Bradford method [37] was used to determine the concentration of total proteins extracted from L. lactis. Sodium dodecyl sulfateepolyacrylamide gel electrophoresis (SDSePAGE) was performed as described by [38] . Western blot analyses were conducted according to [39] , using anti-Hsp65 antibodies (1:2500) (Farmacore Biotecnologia Ltda) and rabbit anti-immunoglobulin (IgG), conjugated to alkaline phosphatase (Sigma). Immunodetection blots were scanned and the M. leprae Hsp65 signals were compared to those of known amounts of a purified Hsp65 produced in E. coli (Farmacore Biotecnologia Ltda).
Detection of viable Mycobacterium leprae Hsp65-producing L. lactis in the gut
Male and female C57BL/6 mice at 6e8 weeks of age were continuously fed M. leprae-Hsp65-producing L. lactis for four consecutive days. One day thereafter, intestinal lumen from cecum, small and large intestines was washed with phosphate-saline buffer (PBS) 1X and live M. leprae-Hsp65-producing L. lactis were counted by plating 10-fold dilution of the lavage in GM17E agar plates containing 10 mg/ml of chloramphenicol.
Animals
All animal procedures were approved by the University Ethical Committee for Animal Experimentation (CETEA-UFMG). Male and female C57BL/6 mice at 6e8 weeks of age were supplied by the Central Animal Facility of Universidade Federal de Minas Gerais (UFMG). C57BL/6 Foxp3-green fluorescence protein (GFP)-knock-in mice were kindly provided by Dr. Howard L. Weiner (Center for Neurologic Diseases e Brigham and Women's Hospital, Boston, MA, USA). Mice were kept in the conventional, pathogen-free experimental animal facility of Laboratório de Imunobiologia, Instituto de Ciências Biológicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brasil.
L. lactis administration and EAE induction
During four days C57BL/6 or C57BL/6 Foxp3-GFP mice were continuously fed medium (control group), empty-vector-bearing L. lactis (CT-LL) or M. leprae-Hsp65-producing L. lactis (Hsp65-LL). Daily, a fresh L. lactis total culture (bacteria plus supernatant obtained as described in item 2.3) was offered to mice. Since each mouse drank about 5 ml of culture per day (data no shown) containing 7 mg/ml [35] of M. leprae Hsp65, the total dose of bacteria per mouse was estimated to be 5 Â 10 9 CFU and the total daily dose of M. leprae Hsp65 was about 35 mg per mouse. However, since live bacteria are fed, the effective dose is larger than that. Mice drink the bacteria solution throughout the day. Some of the fed bacteria (along with xylose-containing medium) reaches the small intestine and the colon alive and in conditions to release Hsp65. Previous data from our laboratories [49, 50] demonstrated that a continuous regimen of feeding is more efficient to induce oral tolerance. The Hsp65-producing L. lactis system imitates a continuous feeding regimen and that was ultimately the reason for choosing it. After 10 days mice were immunized in the base of tail with either 100 mg of myelin oligodendrocyte glycoprotein (MOG 35e55 ; Proteimax, Brazil) (MEVGWYRSPFSRVVH-LYRNGK) in CFA containing 4 mg/ml of Mycobacterium tuberculosis H37RA (Difco) or 500 mg of zymosan (Sigma) in IFA followed by i.p.
injection of 300 ng of pertussis toxin (Sigma). At the indicated time points, animals were killed and draining lymph nodes, spleen and spinal cord were harvested for analysis (Fig.1C) 
Serum antibody response against Hsp65
To analyze the serum antibody response against Hsp65, ten days after EAE induction, sera of mice from all groups were collected and anti-Hsp65 antibodies were measured by ELISA. Briefly, 96-well microtiter plates (NUNC) were coated with 10 mg/ml of purified Hsp65 (MyBioSource). Plates were incubated with serum samples and bound antibodies were detected using alkaline phosphataseconjugated goat anti-mouse IgG (Southern Biotechnology). Color reaction was developed at room temperature with orthophenylenediamine (OPD; 1 mg/ml), 0.04% H 2 O 2 substrate in sodium citrate buffer. Reaction was interrupted by the addition of 20 ml/well of 2 N H 2 SO 4 . Absorbance was measured at 492 nm by an ELISA reader (Bio-Rad Model 450 Microplate Reader).
Mononuclear cell extraction from spinal cord
For mononuclear cell extraction, pool of 5 mice spinal cords were carefully removed, cut into pieces and put in 3 ml of RPMI 1640 (Gibco) medium containing 1.5 mg/ml of colagenase type IV (Sigma). Conic tubes containing the spinal cord samples were kept under agitation at 37 C for 20 min and then more 2 ml of RPMI medium containing 1.5 mg/ml of colagenase type IV were added, being samples kept under agitation for more 20 min. After that, tissues were homogenized, transferred to 50 ml conic tubes and volumes were completed for 45 ml with RPMI medium. Samples were centrifuged for 5 min at 4 C, 220 g and then the supernatants were discarded. Pellets were resuspended with 3 ml of Percoll 35% and, carefully, added 3 ml of Percoll 65%. Samples were then centrifuged for 30 min at 4 C, 300 g. The ring formed between the Percoll layers were removed, washed with 10 ml of RPMI medium at 4 C, 220 g for 10 min and resuspended with 0.2 ml of complete RPMI medium. Leucocytes were then counted in a Neubauer chamber and stained for FACS analysis.
Antibodies and FACS analysis
Fluorescein isothiocyanate-conjugated (FITC) mAbs to CD4 and CD69; phycoerythrin (PE)-conjugated mAbs to CD4, CD25, CD44 and CTLA4; PE-Cy.5-conjugated mAbs to CD4, streptavidin-Cy.5-Chrome and streptavidineallophycocyanin (APC), purified anti-CD3ε/CD28, rat IgG1 isotype control and rat IgG2a isotype control were purchased from BD Biosciences. PE-conjugated mAbs to TGF-b was purchased from IQ Products. Biotinylated anti-human LAP (TGF-b 1 ) antibody was purchased from R&D System. PE-conjugated mAb anti-helios was purchased from Biolegend. Mouse anti-LAP mAb (clone TW716B4) was gently provided by Dr. Howard L. Weiner (Brigham & Women's Hospital, Center for Neurologic Diseases, Harvard University). Surface staining was performed according to standard procedures at a density of 0.5e1 Â 10 6 cells per 25 ml, and volumes were scaled up accordingly. Flow cytometric analysis was performed on a FACScan (BD Biosciences) or on a FACSCalibur (BD Biosciences) with the use of FlowJo software (Tree Star Inc).
Serum antibody response against Salmonella typhimurium
To verify whether M. leprae-Hsp65-producing L. lactis would have an immunosuppressive effect, mice were pretreated with medium or M. leprae-Hsp65-producing L. lactis for four consecutive days (as described before, item 2.8) and ten days later they were challenged with 10 5 Salmonella enterica serovar Typhimurium.
Serum anti-Salmonella antibodies were measured by standard ELISA seven days after infection.
Cell preparation and cytokines assay
Spleen and mesenteric lymph nodes were removed and cells suspensions prepared using a tissue homogenizer, being gently centrifuged. Cells isolated from spleen (erythrocyte depleted) and mesenteric lymph nodes were cultured, at 5 Â 10 6 cells/well for cytokine secretion analyses, in 24-well plates (NUNC) in complete RPMI and stimulated or not with 100 mg/ml of MOG 35e55 or 1 mg/ml of anti-CD3. Supernatants were collected after 48 h to measure IL-10, IL-17 and IFN-g. Plates were then coated with purified monoclonal antibodies reactive to IL-10, IL-17 or IFN-g (BD Biosciences) overnight at 4 C. In the following day, wells were washed and supernatants were added and left overnight at 4 C. In the third day biotinylated monoclonal antibodies were added and incubated for 1 h at room temperature. Color reaction was developed at room temperature with 100 ml/well of orthophenylenediamine (OPD; 1 mg/ml), 0.04% H 2 O 2 substrate in sodium citrate buffer. Reaction was interrupted by the addition of 20 ml/well of 2 N H 2 SO 4 .
Absorbance was measured at 492 nm by an ELISA reader (Bio-Rad Model 450 Microplate Reader).
Intracellular TGF-b staining
Spleen, mesenteric and inguinal lymph nodes were removed 2 days after EAE induction and cells suspensions prepared using a tissue homogenizer, being gently centrifuged. Cells isolated from spleen (erythrocyte depleted), mesenteric and inguinal lymph nodes were cultured at 1 Â 10 6 cells/well in 96-well plates (NUNC)
in complete RPMI and stimulated with either 100 mg/ml of MOG 35e 55 or 1 mg/ml of anti-CD3 and 1 mg/ml of anti-CD28 or left unstimulated. Eighteen hours later, 10 ml of brefeldin A (1 mg/ml) was added and after 4 h cells were washed and FACS protocol started.
Histopathology
Spinal cord samples from medium, empty vector L. lactis or M. leprae-Hsp65-producing L. lactis pretreated mice were fixed with a solution containing 20% of dimethyl sulfoxide and 80% of methanol for six days at À80 C, 24 h at À20 C and then embedded in Paraplast Ò according to standard procedures. 5 mm of Paraplast Ò were cut and stained with hematoxylin and eosin. All sections were evaluated for histopathological changes, such as inflammatory cells mice were continuously fed M. leprae-Hsp65-producing L. lactis for four consecutive days. One day later, animals were killed and the intestinal lumen from cecum, small and large intestines was washed and plated in GM17E agar for 24 h at 37 C. Colony-forming units (CFU) were then counted and plotted as mean AE standard error of the mean (SEM); n ¼ 4 mice per group. ANOVA, post-test Tukey. (C) Experimental protocol for medium (EAE), control-(CT-LLþEAE) or M. leprae-Hsp65-producing L. lactis (Hsp65-LLþEAE) pretreatment and EAE induction. (D) Pretreatment with Hsp65-LL prevented EAE development in mice. C57BL/6 mice were orally pretreated with medium (EAE), control (CT-LLþEAE) or M. leprae-Hsp65-producing L. lactis (Hsp65-LLþEAE) for four days and EAE was induced ten days later. The course of EAE was followed daily and clinical scores were given as explained in material and methods section. Disease course is shown as mean EAE score AE SEM. n ¼ 15 mice/group and data are the sum of three independent experiments; ANOVA, post-test infiltration and white matter lesions using an optical microscope (Olympus BX41) with a camera (Moticam 2500). For cell quantification, representative histological cuts were analyzed for cells in the field of view (FOV) using the ImageJ software and bar graph was plotted through Prisma 5.0 software.
In vivo neutralization of LAPþ regulatory T cells
For in vivo neutralization of LAP regulatory T cells, C57BL/6 mice were immunized with 100 mg of MOG 35e55 in CFA supplemented with 4 mg/ml of M. tuberculosis s.c. and 300 ng of pertussis toxin i.p. (as described above) one day after M. leprae-Hsp65-producing L. lactis or medium (control group) pretreatment. Mice received three i.p. injections of anti-LAP monoclonal antibody (20 mg/mouse/ day; clone TW716B4) or isotype control (IgG1) on alternating days beginning at the first day of L. lactis administration.
Statistical analysis
Results are presented as the mean values (AESEM) from groups of at least 6 animals for each condition and considered statistically significant when comparisons between groups, using one-way ANOVA and Tukey's post hoc test, gave p-values less than 0.05.
Results
L. lactis produces and secretes LPS-free M. leprae Hsp65
Western blot experiments of xylose-induced and non-induced cultures were conducted to detect the production of M. leprae Hsp65 by L. lactis carrying the plasmid pSEC:Hsp65. Analysis of induced stationary-phase cell lysates and culture supernatants demonstrated that L. lactis pSEC:hsp65 were able to produce and secrete the recombinant protein. No signal of the protein was detected in the non-induced cultures (Fig. 1A) . Analysis of protein content showed that the band migrated at the expected position (65 kDa), which is the size of M. leprae Hsp65 (Fig. 1A) .
Azevedo and coworkers showed that L. lactis expressed Hsp65 preparations contained less endotoxin (lypopolysaccharide, LPS) than the limit set by the Food and Drug Administration (FDA) [35] .
Viable L. lactis reaches the gut
Culture of intestinal lumen lavage of mice pretreated with M. leprae Hsp65-producing L. lactis showed a growth of 0.25e 2 Â 10 7 colony-forming units (CFU), suggesting that M. lepraeHsp65-L. lactis survives gastric acid degradation and arrives viable at the cecum, small and large intestines (Fig. 1B) .
3.3. Oral administration of M. leprae-Hsp65-producing L. lactis prevents EAE in mice
As described in the method section, M. leprae-Hsp65-producing L. lactis was continuously fed to C57BL/6 mice for four consecutive days. Ten days after the last feeding, EAE was induced (Fig. 1C) . Fig. 1D shows that pretreatment of mice with M. leprae-Hsp65-producing L. lactis retarded the onset and decreased the severity of EAE when compared to the control group, i.e., mice that drank medium, and those pretreated with empty vector control L. lactis. Accordingly, as shown in Fig. 1E , fewer inflammatory cells infiltrated the spinal cord, and no white matter lesions were observed at the peak of the disease in M. leprae-Hsp65-L. lactis-fed mice.
Oral administration of M. leprae-Hsp65-producing L. lactis induces tolerance to Hsp65 and is associated with an antiinflammatory profile of cytokine secretion
We started studying the mechanisms involved in EAE prevention by assessing whether oral administration of M. leprae-Hsp65-producing L. lactis could induce tolerance to Hsp65. Sera from mice treated with either medium (EAE), empty-vector-bearing L. lactis (CT-LLþEAE) and M. leprae-Hsp65-producing L. lactis (Hsp65-LLþEAE) were collected and an enzyme-linked immunosorbent assay (ELISA) for IgG anti-Hsp65 was performed. As shown in Fig. 2A , oral treatment with M. leprae-Hsp65-producing L. lactis induced suppression in antibody production to Hsp65, suggesting that mice fed M. leprae Hsp65 have reduced response against this antigen. It is also shown in Fig. 2CeH that this Hsp65-directed tolerance was spread to other antigens (cross tolerance) in the vicinity of the lesion (MOG 35e55 in the case), since the production of inflammatory cytokines was reduced in spleen (SPL) and mesenteric lymph node (MLN) cell cultures stimulated with MOG 35e55 (100 mg/ml) of M. leprae Hsp65-producing L. lactis fed mice. In fact, pretreatment of mice with M. leprae Hsp65-producing L. lactis led to non-detectable (N.D.) levels of IFN-g in the MLN cell cultures at 2 and 14 days after EAE induction (Fig. 2C) . Interestingly, however, the highest levels of IFN-g were found in control-L. lactisfed mice 14 days after EAE induction (Fig. 2C) . No difference was found among groups in SPL cells for IFN-g (Fig. 2F) . When we measured IL-17, another pro-inflammatory cytokine involved in the pathogenesis of EAE and multiple sclerosis [37, 40, 41] , reduced levels were found in cultures of MLN and in SPL cells from M. lepraeHsp65-L. lactis-fed mice 14 days after EAE induction ( Fig. 2D and G) . IL-17 was not detected in MLN cell cultures 2 days post EAE induction. However, levels of IL-10, an anti-inflammatory cytokine, were increased only in supernatants of MLN cell cultures of M. leprae-Hsp65-L. lactis-fed mice 14 days after EAE induction ( Fig. 2E  and H) . Of note, levels of IFN-g, IL-17 and IL-10 measured at day 14 were higher than the levels found at day 2 post EAE induction in animals from all groups. Thus, M. leprae Hsp65 administration was associated with a decrease in the production of IL-17, and with an increase in the secretion of IL-10.
3.5. The modulatory effect of M. leprae-Hsp65-producing L. lactis was independent of the adjuvant used for disease induction Even with the results showing a typical bystander suppression phenomenon between Hsp65 and MOG 35e55 ( Fig. 2A and CeH) , there was still a possibility that the adjuvant used for EAE induction was the main responsible for the suppressive effect observed after treatment with M. leprae Hsp65-producing L. lactis. The classical protocol of MOG-induced EAE involves immunization of mice with complete Freund's adjuvant (CFA), which is rich in Hsp65 from M. tuberculosis. To further clarify this issue, we induced EAE using zymosan, a glucan prepared from yeast cell wall, which does not contain any kind of heat shock protein, in incomplete Freund adjuvant (IFA) together with MOG 35e55 and pertussis toxin (see Material and methods section, item 2.8). Our results show that oral administration of M. leprae Hsp65-producing L. lactis was still able to prevent EAE induced by MOG adsorbed in zymosan (Fig. 2B) , suggesting that M. leprae Hsp65 modulation of EAE was not due to tolerance induced to the adjuvant used for the immunization procedure.
3.6. Oral administration of M. leprae-Hsp65-producing L. lactis correlated with increase in activated T cells Since Hsp65 is widely found in bacteria and it is also a protein highly homologous to self Hsp60, the immune-modulatory effects observed in mice pretreated with M. leprae-Hsp65-producing L. lactis could be a result of a general state of immunosuppression that would interfere with protective responses against infection. To monitor the immunological status of M. leprae-Hsp65-L. lactis-fed mice, we sought for CD4þ Tcells expressing early and late markers of T cell activation. Numbers of CD4þ T cells expressing the earliest inducible cell surface glycoprotein acquired during lymphoid activation, CD69 (Fig. 3AeC) , and the hyaluronic acid receptor CD44 (later activated T cells) (Fig. 3DeF) were analyzed 1, 2, 4 and 14 days after EAE induction. Interestingly, M. leprae-Hsp65-L. lactis-fed mice showed no reduction in the number of T cells expressing early and late activation markers. In fact, mice displayed higher numbers (Fig. 3 ) and frequencies (data not shown) of CD4þCD69þ and CD4þCD44þ T cells 2 and 4 days after EAE induction when compared with animals from the other two groups (medium and CT-L. lactis-treated mice). Increase in CD4þCD69þ T cells was particularly observed in MLN (Fig. 3B) at days 2 and 4, and in the spleen at day 4 post EAE induction, although in this organ there was no difference between M. leprae Hsp65-L. lactis-and CT-L. lactis-treated mice (Fig. 3C) . Numbers (Fig. 3E ) and frequencies (data not shown) of CD4þCD44þ T cells were increased in MLN at days 2 and 4 post EAE induction in M. leprae-Hsp65-L. lactis-fed mice. However, CD4þCD44þ T cell numbers in inguinal lymph nodes and spleens of M. leprae-Hsp65-L. lactis-fed mice did not differ from the numbers found in CT-L. lactis-fed mice (Fig. 3D and F) . At day 14, i.e., at the peak of the disease, numbers of CD4þCD69þ T cells were comparably low in all groups (Fig. 3AeC) . However, numbers (Fig. 3D ) and frequencies (data not shown) of CD4þCD44þ T cells in ILN of medium-fed mice were much higher than in M. leprae-Hsp65-or CT-L. lactis-fed animals. Thus, a global immunosuppression of T cells Fig. 2 . Oral pretreatment of mice with M. leprae-Hsp65-producing L. lactis decreases IgG response against Hsp65 and induces an anti-inflammatory cytokine profile during EAE development. (A) Oral tolerance to Hsp65. C57BL/6 mice were fed medium (EAE), control (CT-LLþEAE) or M. leprae-Hsp65-producing L. lactis (Hsp65-LLþEAE) for four days and EAE was induced ten days later. After 10 days, sera were collected and anti-Hsp65 IgG antibodies were measured. ELISA scores were computed by running sums of ODs (492 nm) between 1:2 and 1:16 of serum dilutions in individual mice. Bar graphs are shown as a mean of 5 mice/group þ SEM. ANOVA, post-test Tukey. *Statistically different from EAE and CT-LLþEAE groups; p < 0.05. (B) The effect of treatment with M. leprae-Hsp65-producing L. lactis in EAE development was independent of the adjuvant used for disease induction. C57BL/6 mice were fed either medium (EAE) or M. leprae-Hsp65-producing L. lactis (Hsp65-LLþEAE) for four days. EAE was induced ten days later using zymosan adsorbed in IFA and two injections of pertussis toxin. The course of EAE is shown as mean EAE score of 5 mice/group AE SEM and data are representative of two independent experiments; ANOVA, post-test Tukey. *Statistically different from EAE group; p < 0.05. (CeH) Anti-inflammatory cytokine profile induced by oral pretreatment of M. leprae-Hsp65-produncing L. lactis.
Two and fourteen days after EAE induction, mesenteric lymph nodes (C, D and E) and spleen (F, G and H) were removed and cultured with or without MOG 35e55 stimulus (100 mg/ caused by oral administration of M. leprae-Hsp65-producing L. lactis seemed not to be the case in this study. Moreover, treatment with M. leprae Hsp65-producing L. lactis did not decrease immune response against S. enterica serovar Typhimurium (Supplemental Fig. 1 ), a pathogenic enteric bacterium, suggesting that the EAE suppression triggered by the treatment did not interfere with protective immune response to infection. Of note, M. leprae-Hsp65-producing L. lactis had an adjuvant effect on the antibody response against S. typhimurium.
Administration of M. leprae-Hsp65-producing L. lactis led to an increase in regulatory T cells in secondary lymphoid organs
It has been described that Hsp65 modulates the regulatory T cell (Treg) compartment in mice [28, 42] . To verify whether the immune-modulatory effect of M. leprae-Hsp65-producing L. lactis in EAE correlated with expansion of T cells bearing a regulatory phenotype (Treg), we analyzed the numbers of two well-known Treg populations: CD4þCD25þFoxp3þ (Fig.  4 ) and CD4þCD25þLAPþ (Fig. 5) T cells. CD4þCD25þFoxp3þ Tregs were augmented only in ILN of M. leprae-Hsp65-L. lactis-fed mice at days 2 and 4 post EAE induction (Fig. 4AeC) . At day 14, numbers ( Fig. 4AeC ) and frequencies (data not shown) of Foxp3þ Tregs were comparably low in all groups.
Since Hsp65 from bacteria is very homologous to murine Hsp60, it is plausible that auto-reactive natural regulatory T cells generated during thymus selection (nTregs) are part of the Tregs recruited or expanded by the treatment with M. leprae-Hsp65-producing L. lactis. The presence of Helios, a member of the Ikaros transcription factor family, together with Foxp3 has been recently described as a reliable marker for natural regulatory T cells (nTreg) [43] . Thus, we measured the expression of Helios in Foxp3þ Tregs found in ILN from mice pretreated with medium, control-L. lactis or M. lepraeHsp65-producing L. lactis at day 2 post EAE induction when higher numbers of such cells were observed. About 50% of CD4þCD25þFoxp3þ T cells were Heliosþ (nTregs) in M. lepraeHsp65-L. lactis-fed mice, whereas only about 17e19% were nTregs in medium-and CT-L. lactis-fed mice ( Fig. 4D and E) . These results suggest that at least half of CD4þCD25þFoxp3þ T cells expanded in ILN after oral administration of M. leprae-Hsp65-producing L. lactis were natural regulatory T cells and therefore thymus derived.
When we looked for the mucosal-induced CD4þCD25þLAPþ, an increase in the numbers (Fig. 5AeC ) and frequencies (data not shown) of LAPþ Tregs were observed in ILN, MLN and SPL 2 and 4 days after EAE induction in mice that fed M. leprae-Hsp65-producing L. lactis when compared to animals from the other two experimental groups. Of note, the proportion of CD4þCD25ÀLAPþ Tregs was also increased in M. leprae-Hsp65-L. lactis-fed mice (data not shown). However, the numbers and frequencies of LAPþ T cells were much higher in the diseased group (EAE) than in the M. leprae-Hsp65-L. lactis-or CT-L. lactis-fed mice in MLN at day 14 ( Fig. 5B and data not shown). Taken together, these data indicate that the prevention of EAE development by M. leprae-Hsp65-producing L. lactis correlates with an increase in the number of CD4þCD25þFoxp3þ and CD4þLAPþ regulatory T cells in secondary lymphoid tissues. Recently it was suggested that Foxp3 transcription factor is important for LAP expression [44] . Therefore, we next examined the percentages of LAPþ T cells co-expressing Foxp3 and vice-verse. Our results showed that more than 50% of the CD4þCD25þFoxp3þ Tregs co-expressed LAP, whereas only about 15% of the CD4þLAPþ Treg cells co-expressed Foxp3 in mice from all experimental groups. Moreover, mice pretreated with M. leprae-Hsp65- producing L. lactis showed slightly higher proportions of CD4þFoxp3þLAPþ Tregs than animals from the other groups analyzed (Supplemental Fig. 2AeF ). The cytotoxic T-lymphocyte antigen-4 (CTLA-4, also known as CD152) is related to an activated state of Tregs and thereby is used as a marker of effector Tregs [45] . Thus, we next examined the expression of CTLA-4 on Tregs from ILN, MLN and spleen 2 days after EAE induction. Oral administration of M. leprae-Hsp65-producing L. lactis, but not medium or control L. lactis, led to a high expression of CTLA-4 on CD4þCD25þFoxp3þ Tregs (data not shown). However, the same was not observed for CD4þLAPþ Tregs (data not shown). This could be related to the fact that CD4þFoxp3þ Tregs produce their inhibitory effects mainly through cellecell contact [20, 46, 47] , whereas CD4þLAPþ Tregs control effectors T cells and antigen presenting cells (APCs) by releasing anti-inflammatory cytokines [15, 24] . In fact, when we measured intracellular TGF-b, we did find increased levels of this cytokine as well as high numbers of CD4þLAPþ Tregs expressing TGF-b in ILN, MLN and spleen stimulated with either MOG 35e55 (Fig. 5DeG) or anti-CD3/CD28 or even with no stimulus (data not shown) in M. leprae-Hsp65-L. lactis-fed mice 2 days after EAE induction. Therefore, these data suggests that Foxp3þLAPþ Tregs correlated better with EAE suppression in our model than did Foxp3þLAPÀ Tregs.
3.9. Oral administration of M. leprae-Hsp65-producing L. lactis was associated with changes in the spinal cord T cell infiltrate As shown above, oral administration of M. leprae-Hsp65-producing L. lactis in mice induced an increase in numbers of Tregs in secondary lymphoid tissues 2 and 4 days after EAE induction. After day 4, Tregs were found at low numbers in spleen, inguinal and mesenteric lymph nodes. Therefore, we examined whether CD4þCD25þFoxp3þ and CD4þLAPþ Treg cells could have reached the spinal cord of mice, justifying their decline in number and frequency in all these lymphoid organs at day 14. Leucocytes were isolated from the spinal cord of Foxp3-GFP-knock-in mice pretreated with medium, control L. lactis or M. leprae-Hsp65-producing L. lactis. These cells were stained with antibodies for CD4 and LAP. Flow cytometry analysis showed that, although fewer cells reached the spinal cord of M. leprae-Hsp65-L. lactis-fed mice (Fig. 6A ), there were higher frequencies of LAPþ T cells (Fig. 6B ), but not Foxp3þ Tregs (data not shown), in these mice when compared to animals pretreated with medium or control L. lactis. Thus, these results suggest that, after proliferation in secondary lymphoid tissues, LAPþ Tregs from M. leprae-Hsp65-L. lactis-fed mice were able to reduce the recruitment of encephalytogenic CD4þ T cells to the spinal cord perhaps by reaching themselves, in some extent, the central nervous system.
Depletion of LAPþ cells abolished the suppressive effect of M. leprae-Hsp65-producing L. lactis in EAE induction
Given that CD4þLAPþ T cells seemed to be the most relevant population of Tregs induced by oral administration of M. lepraeHsp65-producing L. lactis, we decided to test whether depletion of LAPþ cells would abrogate its immune-modulatory effects on EAE development. As shown in Fig. 6C , pretreatment of mice with mouse anti-LAP mAb together with oral administration of M. leprae-Hsp65-producing L. lactis completely abolished the suppressive effect observed, confirming our hypothesis that LAPþ T cells mediated the immune-regulation of EAE by M. leprae-Hsp65-producing L. lactis. Strikingly, LAPþ cell depletion resulted in earlier onset and more severe disease in control medium-fed mice. It also prevented the natural remission of EAE observed at day 30. Foxp3-GFP Knock-in mice were fed or not (Naïve) medium (EAE), wild type (CT-LLþEAE) or M. leprae-Hsp65-producing L. lactis (Hsp65-LLþEAE) for four days and EAE was induced ten days later. After 1, 2, 4 and 14 days, mice were killed and inguinal (ILN; A) and mesenteric lymph nodes (MLN; B) and spleen (SPL; C) removed. Cells were stained with Cy-anti-CD4 and PE-anti-CD25. CD4þ cells were gated. Bar graphs are shown as mean AE SEM. ANOVA, post-test Tukey. *Statistically different from EAE group; p < 0.05. (D and E) Increase in the natural regulatory T (nTreg) cells population in inguinal lymph node after oral administration of M. leprae-Hsp65-producing L. lactis. C57BL/6 Foxp3-GFP Knock-in mice were fed or not (Naïve) medium (EAE), control (CT-LLþEAE) or M. leprae-Hsp65-producing L. lactis (Hsp65-LLþEAE) for four days and EAE was induced ten days later. Four days later, mice were killed and inguinal lymph nodes removed. Cells were stained with Cy-anti-CD4 and PE-anti-Helios. CD4þFoxp3þ cells were gated. Plots are representative of the mean of 4 mice/group and data are representative of three independent experiments. Bar graphs are shown as mean AE SEM. ANOVA, post-test Tukey. *Statistically different from EAE group; p < 0.05.
These data suggest that LAPþ Treg cells were also important to modulate EAE onset and severity even in untreated diseased mice.
Discussion
Since the revival of the regulatory T cells (Tregs) and their importance in maintaining the immune system homeostasis [16] , much interest has been given to the discovery of therapies based on modulation of Tregs to treat autoimmune conditions such as multiple sclerosis (MS). However, no treatment used currently for MS has been confirmed to act by the action of these cells.
Peripheral tolerance induced by feeding proteins is an efficient way to specifically suppress inflammatory responses by the induction of different types of regulatory T cells. This approach has been proved successful in many animal models of autoimmune and other inflammatory diseases [48] . Among the feeding protocols already tested in oral tolerance experiments, continuous feeding of the antigen has been shown to be the most efficient one. Continuous feeding of specific antigens for one day is able to prevent the development of myelin basic protein (MBP)-induced experimental autoimmune encephalomyelitis (EAE) and to induce oral tolerance in senescent mice usually refractory to tolerance when fed by gavage [49, 50] . In this study, we tested the administration, by a continuous feeding protocol, of a recombinant L. lactis strain that is able to produce and release low-doses of LPS-free M. leprae Hsp65. M. leprae Hsp65-producing L. lactis survived gastric acid degradation and reached cecum, small and large intestines of fed mice (Fig. 1B) . It is plausible that, in the intestine, both viable and non-viable bacteria release their cytoplasmic content of M. leprae Hsp65. In addition, M. leprae Hsp65 is released in the culture medium used for feeding at a concentration of 7 mg/ml (data not shown). Hsp65, a mycobacterial homolog to the mammalian Hsp60, was chosen as a target antigen for tolerance induction because of its abundant expression in inflammatory conditions and its known regulatory activity in the immune system [5] .
The influence of exposure to Hsp65 in the course of EAE has been previously reported in studies concerned about the role of infectious bacteria in the development of autoimmune diseases. With a transgenic mouse strain containing high frequencies of T cells specific for an encephalitogenic peptide of myelin basic protein (MBP), Goverman and coworkers noted that animals developed spontaneous EAE only when housed in conventional, as opposed to specific pathogen free (SPF) facilities [51] . Birnbaum and coworkers also showed that SJL mice housed in SPF facilities had more severe relapses of proteolypid-protein-peptide-139-151-(PLP)-induced EAE than did animals housed in conventional facilities. Proliferative T cell responses to human Hsp60 was decreased and skewed toward a Th2 profile in conventionally housed SJL mice [52] . The specific effects of parenteral vaccination with either Hsp65 peptides or the Hsp65 gene in the course of EAE induced in Lewis rats has also been tested with distinct outcomes. Gene vaccination had modulatory effects in brain and spinal cord inflammation, but it did not change the clinical development of the disease [53] . On the other hand, rats pre-immunized with Hsp65 peptide showed lower incidence and severity of disease, but the mechanism involved in the effect observed was unclear [54] . Oral administration of recombinant Hsp65 has been described to induce tolerance and protected rats against adjuvant arthritis [28] and mice against atherosclerosis [29, 30] . Since Hsps are hyperexpressed during inflammation, it is plausible that the inhibition of immune responses to Hsp65 in these disease models had the effect of promoting a bystander suppression of reactivities to other antigens involved in the pathological processes. Bystander suppression is a phenomenon associated with oral tolerance that spreads its inhibitory effect toward other neighbor antigens probably via the action of antigen presenting cells [27, 55, 56] . This cross-suppressive event is also called indirect effect of oral tolerance [57] and it precludes the need to identify the target antigen when a therapeutic use of oral tolerance protocols is planned.
In concert with these data, we showed that oral administration of M. leprae-Hsp65-producing L. lactis prevented MOG 35e55 -induced EAE (Fig. 1DeE) , an effect associated with a decrease in anti-Hsp65 IgG response ( Fig. 2A) . Interestingly, there was also a reduction of IL-17 and increase of IL-10 in cultures of mesenteric lymph node and spleen cells stimulated with MOG 35e55 (Fig. 2Ce  H) . This suggests that oral administration of M. leprae-Hsp65-producing L. lactis induced both oral tolerance to Hsp65 and a bystander suppression of MOG 35e55 -specific T cell responses. These data also contribute to solve the problem concerning the use of complete Freund adjuvant (CFA) for EAE induction. As CFA contains Hsp65 from Mycobacterium sp., one may argue that the oral tolerance induced by administration of M. leprae-Hsp65-producing L. lactis halted the EAE immunization and thereby prevented EAE development only in CFA-related experimental models. However, oral administration of M. leprae-Hsp65-producing L. lactis was able to prevent MOG-induced EAE using zymosan, which does not contains Hsps (Fig. 2B) . Therefore, M. leprae-Hsp65-L. lactis most probably prevented EAE by the oral tolerance and its bystander effects toward the myelin antigens involved in EAE inflammation.
Since Hsp65 is present in bacteria, the suppression observed after treatment with M. leprae-Hsp65-producing L. lactis may result from a general immunosuppressive state which would have the undesirable effect of compromising immune responses to infectious agents. To test this hypothesis, we examined the number of activated T cells in M. leprae-Hsp65-L. lactis-fed mice. Numbers and frequencies of CD4þ T cells expressing early (CD69) and late (CD44) activation markers were not reduced in these mice. In fact, they were increased in both mesenteric (MLN) lymph nodes and spleen of M. leprae-Hsp65-L. lactis-fed mice (Fig. 3) . The high numbers of activated T cells found in these mice is not consistent with a general immunosuppressive state. Moreover, oral administration of M. leprae-Hsp65-producing L. lactis did not decrease immune response against Salmonella typhimurium (Supplemental Fig. 1 ), suggesting once again that immunosuppression was not the case seen in our study.
Conversely, as commented above, there was a suppression of inflammatory responses directed to MOG 35e55 in M. leprae-Hsp65-L. lactis-fed mice. Levels of IL-17, one of the major pro-inflammatory cytokines involved in EAE development [37, 40, 41, 58] were reduced, and levels of the anti-inflammatory cytokine IL-10 were increase in supernatants of spleen and MLN cells stimulated with MOG 35e55 (Fig. 2CeH) . We also found that the frequency of CD4þLAPþTGF-bþ T cells (stimulated with either MOG 35e55 or anti-CD3/CD28 or even without stimulation) were higher in cultures of spleen and MLN cells of M. leprae-Hsp65-L. lactis-fed mice (Fig. 5DeG) indicating that TGF-b can also be involved in regulation of EAE by the recombinant L. lactis. We cannot exclude the involvement of other regulatory cytokines such as IL-27, which has been shown to have significant inhibitory effects on IFN-g-and IL-17-mediated neuroinflammation [59] . IL-27 may be released by dendritic cells (DCs) conditioned by Tregs, which in turn can induce IL-10-secreting Tr1 regulatory cells [60] .
In oral tolerance studies, 5e20 mg of fed antigen is considered a high dose whereas doses bellow 1 mg are considered low doses taking into account that digestion will cleave part of these antigens during their traffic through the gastrointestinal tract. It has been suggested that Tregs are involved in low-dose tolerance induction [61, 62] . This seemed to be the case in our study. The extracellular release of M. leprae Hsp65 by L. lactis reached 7 mg/ml (data not shown) in bacteria suspensions used for feeding and mice drank about 5 ml of bacteria-containing medium a day for four consecutive days. The intestinal mucosa is a privileged site for the generation of Tregs expressing LAP [18, 23, 24] . Therefore, the high numbers of the CD4þCD25þLAPþ (Fig. 5B ) and CD4þCD25ÀLAPþ Tregs (data not shown) observed in MLN 2 and 4 days after EAE induction might have been induced or activated in the intestinal mucosa just after administration of M. leprae-Hsp65-producing L. lactis. From this site, they might have migrated to secondary lymphoid organs as well as to the spinal cord where they were found at high frequencies at day 14 (Fig. 6B) . Therefore, one of the mechanisms involved in EAE suppression seemed to be the action (aLAPþEAE, aLAPþHsp65-LLþEAE) or isotype control rat anti-mouse IgG1; IsoþEAE, IsoþHsp65-LLþEAE) at day 1, 3 and 5. EAE was induced 1 day later. The course of EAE is shown as mean EAE score AE SEM. n ¼ 5 mice/group; ANOVA, post-test Tukey. *Statistically different from IsoþEAE (except at days 20 and 25), aLAPþEAE and aLAPþHsp65-LLþEAE groups. #Statistically different from Iso þ Medium þ EAE group. XStatistically different from aLAP þ EAE group; p < 0.05. of CD4þLAPþ Tregs generated or expanded in the gut after EAE induction (day 0) in M. leprae-Hsp65-L. lactis-fed mice that migrated to the spinal cord around day 14.
Regulatory T cells expressing CD25 and the transcription factor Foxp3 have been considered the main Tregs responsible for preventing and controlling autoimmune diseases [63] . CD4þCD25þFoxp3þ Tregs can be divided into two subgroups: natural Tregs (nTreg), which are generated in the thymus during the T cell maturation [64, 65] and express the negative regulator molecule CTLA-4 [66, 67] ; and inducible Treg cells (iTreg), which are naïve CD4þCD25ÀFoxp3À converted to functional CD4þCD25þFoxp3þ Treg cells mainly at the gut-associated lymphoid tissue (GALT), through specialized dendritic cells in a TGF-b-and retinoic aciddependent manner [17, 68] . After their formation in the thymus, nTregs go to secondary lymphoid organs where they control activation of naïve self-reactive T cells, thereby avoiding autoimmunity [69] . We did find high numbers (Fig. 4A ) and proportions (data not shown) of CD4þCD25þFoxp3þ T cells in inguinal lymph nodes of M. leprae-Hsp65-L. lactis-fed mice at days 2 and 4 post EAE induction. This suggests that nTregs may be expanded in ILN just after MOG 35e 55 -loaded dendritic cells (DCs) reached this lymph node coming from the base of the tail, where mice were immunized. In fact, measuring the expression of a recently described marker for nTregs, the Helios transcription factor [43] , we could confirm that both nTregs and iTregs were part of the expanded population of Foxp3þ Tregs present in ILNs. However, the frequencies of nTregs in M. leprae-Hsp65-fed mice were much higher than in animals from the other two groups ( Fig. 4D and E) . This indicates that somehow pretreatment with M. leprae-Hsp65-producing L. lactis either recruited natural CD4þCD25þFoxp3þ Tregs from the thymus or expanded preexisting nTregs in ILNs. Since Hsp65 is homologous to the murine Hsp60, and CD4þCD25þFoxp3þ nTregs bearing anti-Hsp60 TCRs are likely to be present in mouse lymph nodes. The iTregs found in ILN might have come from MLN. One day after EAE induction, the numbers and frequencies of such Tregs were increased in MLN of animals from all groups and their frequencies dropped at days 2 and 4 ( Fig. 4B) . We hypothesize that once Foxp3þ Treg cells were expanded in the ILN by MOG 35e55 -loaded DCs coming from the site of mice immunization, they were activated upregulating CTLA-4 expression (data not shown). This molecule is known to contribute to the suppressive function of Foxp3þ nTregs which is based on celle cell contact [70] . However, CTLA-4 expression did not change in CD4þLAPþ Tregs (data not shown). This also suggests that TGF-b, the most important cytokine expressed and released by these cells, can be one of the immunosuppressive mediators triggered by treatment with M. leprae-Hsp65-producing L. lactis.
One of the functions of the transcription factor Foxp3 in iTregs is to induce surface expression of LAP [44] . Indeed, more than fifty percent of Tregs expressing Foxp3 also co-expressed LAP in all organs analyzed. However, only about fifteen percent of LAPexpressing T cells co-expressed Foxp3 (Supplemental Fig. 2) . TGFb, a cytokine upregulated by M. leprae-Hsp65-L. lactis treatment, seems to be also responsible for LAP expression and therefore involved in the formation of Foxp3-independent LAPþ Tregs [44] .
These results, along with the expansion of LAPþ Tregs in spleen, ILN and MLN (Fig. 5AeC) , suggest that LAPþ Tregs are the most important regulatory T cells induced by Hsp65-producing L. lactis. To test this hypothesis, we injected mouse anti-LAP monoclonal antibodies into M. leprae-Hsp65-producing L. lactis pretreated and medium treated mice during EAE induction. In vivo depletion of LAPþ cells completely abrogated the suppressive effect of M. lepraeHsp65-producing L. lactis administration. Moreover, anti-LAP treatment also worsened the clinical signs of EAE in mediumtreated mice (Fig. 6C) indicating that LAPþ Tregs might be physiologically induced during the course of EAE and be involved in controlling disease severity. Indeed, MOG 35e55 -induced EAE in C57BL/6 mice displayed a progressive spontaneous remission of disease signs starting at day 14 up to day 25 post induction (Fig. 1D) . This late remission of disease was also abrogated by anti-LAP treatment (Fig. 6C ). In line with these results, we observed that although fewer cells reached the spinal cord in M. leprae-Hsp65-L. lactis-fed mice (Fig. 1E and Fig. 6A ), frequencies of LAPþ Tregs, but not Foxp3þ Tregs, were higher in mice from this group (Fig. 6B) . This result is consistent with finding that the spinal cord parenchyma of M. leprae-Hsp65-L. lactis-fed mice showed no signs of inflammatory damage (Fig. 1E) .
Thus, it seems that expansion of Treg cells in secondary lymphoid organs after oral administration of M. leprae-Hsp65-producing L. lactis restrained the activation and migration of encephalitogenic T cells to the spinal cord, the site of the neurodegenerative lesions in EAE. Treatment with M. leprae-Hsp65-producing L. lactis led to an increase in the frequency of spleen CD4þLAPþ T cells and a decrease in the levels of MOG-induced IL-17 release by spleen cells. When Th17 cells reach the spinal cord is considered CNS and the central nervous system (CNS), they can induce the synthesis and release of the chemokine CCL20 which, in turn, attracts more CCR6-expressing Th17 cells to the CNS [71, 72] . Although there was not a dramatic effect in the levels of IFN-g secreted by lymph node and spleen cells in M. leprae-Hsp65-L. lactis-fed mice, it is still possible that migration of Th1 cells to the CNS was also inhibited by this treatment. The number of leucocytes isolated from the spinal cord of these animals was comparable to the ones found in naïve mice (Fig. 6A) .
Heat shock proteins (Hsps) have been implicated in the regulation of the immune system [5] . Since pretreatment with control L. lactis (containing an empty vector) did not affect EAE development in our study, we can assume that all regulatory effects observed after oral administration of M. leprae-Hsp65-producing L. lactis were dependent on M. leprae Hsp65. Nevertheless, it is also noteworthy that control L. lactis was not irrelevant in our model. It induced, for example, the production of IFN-g by mesenteric lymph node cells stimulated with MOG (Fig. 2C ). Therefore, it is possible that, since Hsps are self-antigens and thus naturally tolerated by the immune system, the presence of the L. lactis in a tolerogenic environment such as the gut, might have acted as an "alarm clock" for the immune system, facilitating M. leprae Hsp65 recognition and therefore its immunemodulatory action.
In summary, our results provide new insights into the mechanisms behind the immune-regulatory effects of M. leprae Hsp65 in a continuous feeding protocol. Moreover, the association between the probiotic L. lactis and the M. leprae heat shock protein 65 can be viewed as a novel therapeutic candidate for autoimmune diseases, particularly the multiple sclerosis.
